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Fear conditioningMemory consolidation and reconsolidation have been shown to require new gene expression.
N-glycosylation, one of the major post-translational modifications, is known to play essential or
regulatory roles in protein function. A previous study suggested that N-glycosylation is required for
the maintenance of long-term potentiation in hippocampal CA1 neurons. However, the role of de novo
N-glycosylation in learning and memory, such as memory consolidation and reconsolidation, still
remains unclear. Here, we show critical roles for N-glycosylation in the consolidation and reconsolidation
of contextual fear memory in mice. We examined the effects of pharmacological inhibition of
N-glycosylation in the hippocampus on these memory processes using three different inhibitors
(tunicamycin, 1-deoxynojirimycin, and swainsonine) that block the enzymatic activity required for
N-glycosylation at different steps. Microinfusions of the N-glycosylation inhibitors into the dorsal hip-
pocampus impaired long-term memory (LTM) formation without affecting short-term memory (STM).
Similarly, this pharmacological blockade of N-glycosylation in the dorsal hippocampus also disrupted
post-reactivation LTM after retrieval without affecting post-reactivation STM. Additionally, a
microinfusion of swainsonine blocked c-fos induction in the hippocampus, which is observed when
memory is consolidated. Our observations showed that N-glycosylation is required for the consolidation
and reconsolidation of contextual fear memory and suggested that N-glycosylation contributes to the
new gene expression necessary for these memory processes.
 2016 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Short-term memory (STM) is labile. To generate a stable long-
term memory (LTM), a memory is stabilized through a process
known as memory consolidation (Abel & Lattal, 2001; McGaugh,
2000; Silva, Kogan, Frankland, & Kida, 1998). Previous studies have
revealed that when an LTM is retrieved, the memory returns to the
labile state and is re-stabilized through the process of reconsolida-
tion, which is similar to that of consolidation (Bozon, Davis, &
Laroche, 2003; Kelly, Laroche, & Davis, 2003; Kida et al., 2002;
Nader, Schafe, & Le Doux, 2000). The most common and critical
biochemical step of memory consolidation and reconsolidation is
the requirement for new gene expression (Davis & Squire, 1984;
Debiec, LeDoux, & Nader, 2002; Flexner, Flexner, & Stellar, 1965;
McGaugh, 2000; Nader et al., 2000; Suzuki et al., 2004).A contextual fear memory is an associative memory of a context
with conditioned fear arising from a stimulus or event, such as an
electric footshock. Memory consolidation and reconsolidation of
contextual fear have been shown to depend on the hippocampus
and require gene expression in this brain region (Athos, Impey,
Pineda, Chen, & Storm, 2002; Debiec et al., 2002; Lee, Everitt, &
Thomas, 2004; Mamiya et al., 2009; Trifilieff et al., 2006).
Glycosylation, one of the major post-translational modifica-
tions, occurs in over 50% of eukaryotic proteins (Apweiler,
Hermjakob, & Sharon, 1999). Glycosylation plays essential or regu-
latory roles in the conformation (structure, structure support, fold-
ing, etc.) and physiological and biological functions (enzymatic
catalysis, ion transport, cell adhesion, molecular recognition, ligand
binding, etc.) of proteins (Alisson-Silva et al., 2014; Marquardt &
Denecke, 2003). Glycosylated proteins are comprised of a peptide
backbone and oligosaccharide chains covalently attached to aspar-
agine (Asp, N-linked) or serine/threonine (O-linked) residues
(Vasconcelos-dos-Santos et al., 2015). N-glycosylation begins with
the transfer of high-mannose type oligosaccharides to the Asp resi-
dues of a protein in the endoplasmic reticulum (ER), and then, the
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complex type oligosaccharides through processing by different gly-
cosidases and glycosyltransferases in the ER and Golgi apparatus
(Kornfeld & Kornfeld, 1985; Vasconcelos-dos-Santos et al., 2015).
N-glycosylation is observed in various proteins expressed in the
central nervous system, including AMPA, NMDA, and kainate
glutamate receptor subunits, sodium channels, neural cell adhe-
sion molecule (NCAM), and N-cadherin (Albach et al., 2004;
Dingledine, Borges, Bowie, & Traynelis, 1999; Guo, Johnson,
Randolph, & Pierce, 2009; Schmidt & Catterall, 1987).
Importantly, a previous study using pharmacological inhibition of
N-glycosylation showed that de novo N-glycosylation is required
for the maintenance of long-term potentiation (LTP) in hippocam-
pal CA1 neurons (Matthies et al., 1999). However, the role of de
novo N-glycosylation in learning and memory, such as memory
consolidation and reconsolidation, still remains unclear.
In the present study, we characterized the roles of de novo
N-glycosylation in memory processes. We analyzed the effects of
the pharmacological inhibition of N-glycosylation on memory
consolidation and reconsolidation of contextual fear using three
types of inhibitor targeting different enzymes at different steps
of N-glycosylation: tunicamycin (TM), which inhibits the first
step in the formation of N-linked oligosaccharides, and
1-deoxynojirimycin (DNJ) and swainsonine (SW), which prevent
the processing of N-linked oligosaccharides in the ER and Golgi,
respectively (Heacock, 1982; Saunier, Kilker, Tkacz, Quaroni, &
Herscovics, 1982; Tulsiani, Harris, & Touster, 1982).2. Materials and methods
2.1. Mice
All experiments were conducted according to the Guide for the
Care and Use of Laboratory Animals, Japan Neuroscience Society
and Tokyo University of Agriculture. All animal experiments per-
formed in this study were approved by the Animal Care and Use
Committee of Tokyo University of Agriculture. Male C57BL/6N
mice were obtained from Charles River (Yokohama, Japan).
The mice were housed in cages of 5 or 6, maintained on a 12 h
light/dark cycle, and allowed ad libitum access to food and water.
The mice were at least 8 weeks of age at the start of the experi-
ments, and all behavioral procedures were conducted during the
light phase of the cycle. All experiments were conducted blind to
the treatment condition of the mice.
2.2. Surgery and microinfusion
Surgery was performed as described previously (Frankland
et al., 2006; Fukushima et al., 2014; Inaba, Tsukagoshi, & Kida,
2015). Under Nembutal anesthesia and using standard stereotaxic
procedures, a stainless steel guide cannula (22 gauge) was
implanted into the dorsal hippocampus (1.9 mm, ±1.8 mm,
1.9 mm; Paxinos & Franklin, 1997). The mice were allowed to
recover for at least 1 week after surgery. Bilateral infusion into
the dorsal hippocampus (0.5 lL/side) was made at a rate of
0.25 lL/min. The injection cannula was left in place for 2 min after
infusion. Only mice with cannulation tips within the boundaries of
the bilateral dorsal hippocampus were included in the data analy-
sis. Cannulation tip placements are shown in Supplementary Fig. 1.
2.3. Drugs
The N-acetylglucosamine-1-phosphate transferase inhibitor TM
(0.5 or 1 lg/lL; Sigma, MO, USA) was dissolved in dimethyl sulfox-
ide. The a-glucosidase inhibitor DNJ (3.2 or 32 lg/lL; Wako, Osaka,Japan) and the Golgi a-mannosidase II inhibitor SW (0.1, 1, or
10 lg/lL; Wako) were dissolved in saline. DNJ was adjusted to
pH 7.4 with HCl.
2.4. Contextual fear conditioning task
The mice were handled for 5 consecutive days prior to the com-
mencement of contextual fear conditioning. The mice were trained
and tested in conditioning chambers (17.5  17.5  15 cm) that
had a stainless steel grid floor through which a footshock could
be delivered (Inaba et al., 2015; Mamiya et al., 2009; Suzuki
et al., 2004). Training consisted of placing the mice in the chamber
and delivering an unsignaled footshock (2 s duration, 0.4 mA) 148 s
later, and then the mice were returned to their home cage at 30 s
after the footshock (training).
For the experiments examining the effects of drug treatment on
memory consolidation, the mice received a microinfusion of TM,
DNJ, SW, or vehicle (VEH) into the dorsal hippocampus at 30 min
or 2 h before or immediately after training (see Figs. 1 and 2). At
2 or 24 h after training, the mice were placed back in the training
context for 5 min and freezing was assessed (test). For the experi-
ments examining the effects of drug treatment on memory recon-
solidation, the mice were trained and placed back in the training
context 24 h later for 0 or 3 min (re-exposure). The mice received
a microinfusion of TM, DNJ, SW, or VEH into the dorsal hippocam-
pus immediately after re-exposure (see Figs. 3–5). At 2 or 24 h after
re-exposure, the mice were once again placed back in the training
context for 5 min and freezing was assessed (test). In the case of
0 min re-exposure, the mice remained in their home cage (not
re-exposed to the training chamber), but were treated with the
drugs. Memory was assessed as the percentage of time spent freez-
ing in the training context. Freezing behavior (defined as complete
lack of movement, except for respiration) was measured automat-
ically as described previously (O’HARA & Co., Ltd., Tokyo, Japan)
(Anagnostaras, Josselyn, Frankland, & Silva, 2000).
2.5. Open field test
An open field test was performed as described previously
(Hasegawa et al., 2009; Inaba et al., 2015). The mice received a
microinfusion of TM or VEH into the dorsal hippocampus at
30 min before the test. The mice were placed into the center of a
square open field chamber (50  50  40 cm) that was surrounded
by white walls. The total length of the path traveled (total distance)
and the time spent in the center square (30  30 cm; % center)
were measured over the course of 5 min using an automatic mon-
itoring system (O’HARA & Co., Ltd.).
2.6. Immunohistochemistry
Immunohistochemistry was performed as described previously
(Fukushima et al., 2014; Inaba et al., 2015; Zhang, Fukushima, &
Kida, 2011). After anesthetization, all mice were perfused with
4% paraformaldehyde. Brains were then removed, fixed overnight,
transferred to 30% sucrose, and stored at 80 C. Coronal sections
(30 lm) were cut in a cryostat. The sections were pretreated with
4% paraformaldehyde for 20 min and 3% H2O2 in methanol for 1 h,
followed by incubation in a blocking solution (phosphate-buffered
saline [PBS] plus 1% goat serum albumin, 1 mg/mL bovine serum
albumin, and 0.05% Triton X-100) for 3 h at 4 C. Consecutive sec-
tions were incubated with a primary rabbit anti-c-fos polyclonal
antibody (Ab-5; 1:5000; Millipore, MA, USA) in the blocking
solution over 2 nights at 4 C. Subsequently, the sections
were washed with PBS and incubated for 4 h at room temperature
with biotinylated goat anti-rabbit IgG (SAB-PO Kit; Nichirei
Biosciences, Tokyo, Japan), followed by 1 h at room temperature
Fig. 1. Inhibition of N-linked oligosaccharide formation in the hippocampus blocks the consolidation of contextual fear memory. (A and B) Effects of a microinfusion of a low
or high dose of TM into the dorsal hippocampus at 2 h (A) or 30 min (B) before training on LTM (A: VEH, n = 10; 0.25 lg, n = 10; 0.5 lg, n = 11; B: VEH, n = 11; 0.25 lg, n = 10;
0.5 lg, n = 11). (C) Effects of a microinfusion of TM into the dorsal hippocampus immediately after training on LTM (VEH, n = 11; TM, n = 10). (D) Effects of a microinfusion of
TM into the dorsal hippocampus immediately after training on STM (VEH, n = 11; TM, n = 11). dHP: dorsal hippocampus. *p < 0.05, compared with the VEH group at the test.
Error bars indicate SEM.
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Immunoreactivity was detected with a DAB substrate kit (Nichirei
Biosciences). Structures were defined anatomically according to
the atlas of Paxinos and Franklin (Paxinos & Franklin, 1997).
Quantification of c-fos-positive cells in sections (100  100 lm)
of the dorsal hippocampus (bregma between 1.46 and
1.82 mm) was performed using a computerized image analysis
system (WinROOF version 5.6 software; Mitani Corporation, Fukui,
Japan). Immunoreactive cells were counted with a fixed sample
window across at least 3 sections by an experimenter blind to
the treatment condition. The expression levels of c-fos in each
group were expressed as the ratio of the averaged values in the
No-Shock/VEH control group.
2.7. Data analysis
One-way or two-way factorial or repeated analysis of variance
(ANOVA) followed by post hoc Newman-Keuls comparison was
used to analyze the effects of drug, time, and conditioning. All val-
ues in the text and figure legends represent the mean ± standard
error of the mean (SEM).
3. Results
3.1. Roles of hippocampal N-glycosylation in memory consolidation
Consolidation of contextual fear memory depends on the
hippocampus (Anagnostaras, Gale, & Fanselow, 2001; Athos et al.,
2002; Kim, Rison, & Fanselow, 1993; Phillips & LeDoux, 1992). To
understand the roles of N-glycosylation in memory processes, we
asked whether N-glycosylation in the hippocampus is requiredfor contextual fear memory in mice. To do this, we examined the
effects of pharmacological inhibition of N-linked oligosaccharide
formation in the ER (Fig. 1) or N-linked oligosaccharide processing
in the ER (Fig. 2A–C) or Golgi apparatus (Fig. 2D–F) on STM and
LTM of contextual fear.3.1.1. N-linked oligosaccharide formation in the ER is required for the
consolidation of contextual fear memory
We examined the effects of inhibiting the formation of N-linked
oligosaccharides in the ER on LTM. The mice were trained with a
single footshock and tested at 24 h later. They received a microin-
fusion of the N-acetylglucosamine-1-phosphate transferase inhibi-
tor TM (low-dose, 0.25 lg/side; high-dose, 0.5 lg/side) or VEH into
the dorsal hippocampus at 2 h (Fig. 1A) or 30 min before (Fig. 1B)
or immediately after (Fig. 1C) training. One-way ANOVA revealed
a significant effect of drug when the mice received TM at 30 min
before or immediately after, but not at 2 h before, training
(2 h pre-training, F[2,28] = 2.010, p > 0.05; 30 min pre-training,
F[2,29] = 3.786, p < 0.05; post-training, F[1,19] = 8.076, p < 0.05;
Fig. 1A–C). Post hoc Newman-Keuls analysis revealed that mice
treated with TM at 30 min before or immediately after
training froze significantly less than VEH-treated mice
(30 min pre-training, high-dose, p < 0.05; post-training, p < 0.05;
Fig. 1B and C). Similarly, mice treated with TM at 2 h before
training or with a low-dose of TM showed lower levels of
freezing compared with the VEH group, but these differences were
not significant (2 h pre-training, low-dose, p > 0.05; high-dose,
p > 0.05; 30 min pre-training, low-dose, p > 0.05; Fig. 1A and B).
These observations indicated that a pre- or post-training infusion
of TM into the dorsal hippocampus impaired LTM of contextual
fear.
Fig. 2. Inhibition of N-linked oligosaccharide processing in the hippocampus blocks the consolidation of contextual fear memory. (A and D) Effects of a microinfusion of a low
or high dose of DNJ (A) or a low, middle, or high dose of SW (D) into the dorsal hippocampus at 30 min before training on LTM (A: VEH, n = 16; 1.6 lg, n = 14; 16 lg, n = 15; D:
VEH, n = 10; 0.05 lg, n = 9; 0.5 lg, n = 10; 5 lg, n = 9). (B and E) Effects of a microinfusion of DNJ (B) or SW (E) into the dorsal hippocampus immediately after training on LTM
(B: VEH, n = 10; DNJ, n = 9; E: VEH, n = 8; SW, n = 8). (C and F) Effects of a microinfusion of DNJ (C) or SW (F) into the dorsal hippocampus immediately after training on STM
(C: VEH, n = 11; DNJ, n = 10; F: VEH, n = 17; SW, n = 17). *p < 0.05, compared with the VEH group at the test. Error bars indicate SEM.
Fig. 3. Inhibition of N-glycosylation in the hippocampus impairs PR-LTM of contextual fear. Effects of a microinfusion of TM (A), DNJ (B), or SW (C) into the dorsal
hippocampus immediately after re-exposure on PR-LTM (A: VEH, n = 12; TM, n = 11; B: VEH, n = 10; DNJ, n = 8; C: VEH, n = 12; SW, n = 11). *p < 0.05, compared with the VEH
group at the test. Error bars indicate SEM.
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Fig. 4. Inhibition of N-glycosylation in the hippocampus does not affect PR-STM of contextual fear. Effects of a microinfusion of TM (A), DNJ (B), or SW (C) into the dorsal
hippocampus immediately after re-exposure on PR-STM (A: VEH, n = 7; TM, n = 7; B: VEH, n = 8; DNJ, n = 6; C: VEH, n = 10; SW, n = 10). Error bars indicate SEM.
Fig. 5. Inhibition of N-glycosylation in the hippocampus does not affect the maintenance of LTM of contextual fear. Effects of a microinfusion of TM (A), DNJ (B), or SW (C) into
the dorsal hippocampus at 24 h after training without re-exposure on LTM (A: VEH, n = 8; TM, n = 9; B: VEH, n = 7; DNJ, n = 7; C: VEH, n = 9; SW, n = 9). Error bars indicate
SEM.
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after training on STM (2 h memory). We performed a similar
experiment as in Fig. 1C, except the mice were tested at 2 h after
training. One-way ANOVA revealed no significant effect of drug(F[1,20] = 0.179, p > 0.05; Fig. 1D). This observation indicated that
mice treated with TM showed normal STM. Taken together, we
found that an infusion of TM into the dorsal hippocampus impaired
LTM formation of contextual fear without affecting STM, suggesting
62 H. Inaba et al. / Neurobiology of Learning and Memory 135 (2016) 57–65that N-linked oligosaccharide formation in the hippocampal ER is
required for the consolidation of contextual fear memory.
3.1.2. N-linked oligosaccharide processing in the ER and Golgi is
required for the consolidation of contextual fear memory
We next examined the effects of inhibiting the processing of N-
linked oligosaccharides in the ER and Golgi, respectively, on LTM.
To do this, we used DNJ and SW to inhibit a-glucosidase in the
ER and a-mannosidase II in the Golgi, respectively, both of which
catalyze N-linked oligosaccharide processing at different steps.
We performed similar experiments as in Fig. 1B and C, except the
mice received a microinfusion of DNJ (low-dose, 1.6 lg/side;
high-dose, 16 lg/side), SW (low-dose, 0.05 lg/side; middle-dose,
0.5 lg/side; high-dose, 5 lg/side), or VEH into the dorsal hip-
pocampus at 30 min before (Fig. 2A and D) or immediately after
(Fig. 2B and E) training. One-way ANOVA revealed a significant
effect of drug when the mice received DNJ or SW at 30 min before
or immediately after training (DNJ infusion, pre-training, F[2,42]
= 3.652, p < 0.05; post-training, F[1,17] = 6.785, p < 0.05; SW infu-
sion, pre-training, F[3,34] = 4.295, p < 0.05; post-training, F[1,14]
= 6.185, p < 0.05; Fig. 2A, B, D, and E). Post hoc Newman-Keuls
analysis revealed that mice treated with DNJ or SW froze signifi-
cantly less than VEH-treated mice in a dose-dependent manner
(DNJ infusion, pre-training, low-dose, p > 0.05; high-dose,
p < 0.05; post-training, p < 0.05; SW infusion, pre-training, low-
dose, p > 0.05; middle-dose, p < 0.05; high-dose, p < 0.05; post-
training, p < 0.05; Fig. 2A, B, D, and E). These observations indicated
that the infusion of DNJ or SW into the dorsal hippocampus
impaired LTM of contextual fear.
We next examined the effect of an immediate post-training
infusion of DNJ or SW on STM. We performed similar experiments
as in Fig. 2B and E, except the mice were tested at 2 h after training.
One-way ANOVA revealed no significant effect of drug
(DNJ, F[1,19] = 1.073, p > 0.05; SW, F[1,32] = 0.170, p > 0.05;
Fig. 2C and F). This observation indicated that mice treated with
DNJ or SW showed normal STM. Collectively, these results sug-
gested that N-linked oligosaccharide processing in the hippocam-
pal ER and Golgi is required for memory consolidation.
It is important to note that inhibition of N-glycosylation
(N-linked oligosaccharide formation or processing in the ER) in
the brain regions close to the dorsal hippocampus (cannula tips
failed to penetrate the boundaries of the bilateral dorsal
hippocampus) did not affect LTM (F[1,24] = 0.661, p > 0.05;
Supplementary Fig. 2). Collectively, these observations suggested
that N-glycosylation in the hippocampus is required for the consol-
idation of contextual fear memory.
3.2. Roles of hippocampal N-glycosylation in memory reconsolidation
Reconsolidation has been shown to involve molecular processes
similar to those of consolidation (Bozon et al., 2003; Debiec et al.,
2002; Kelly et al., 2003; Kida et al., 2002; Mamiya et al., 2009;
Nader et al., 2000). Most importantly, similarly to consolidation,
reconsolidation of contextual memory depends on new gene
expression in the hippocampus (Debiec et al., 2002; Frankland
et al., 2006; Mamiya et al., 2009; Suzuki, Mukawa, Tsukagoshi,
Frankland, & Kida, 2008). Therefore, it is possible that hippocampal
N-glycosylation is required for the reconsolidation of contextual
fear memory. To assess this, we examined the effects of pharmaco-
logical inhibition of N-glycosylation on memory reconsolidation
(Figs. 3–5).
We examined the effects of inhibiting the formation and
processing of N-linked oligosaccharides in the hippocampus on
post-reactivation LTM (PR-LTM) of contextual fear. The mice were
trained and at 24 h later, they were re-exposed to the training
context for 3 min (re-exposure). PR-LTM was tested at 24 h afterre-exposure (test). Similarly with Figs. 1 and 2, the mice received
a microinfusion of TM (0.5 lg/side), DNJ (16 lg/side), SW (0.5 lg/
side), or VEH into the dorsal hippocampus immediately after re-
exposure. Two-way ANOVA revealed a significant drug (VEH vs.
TM, DNJ, or SW)  time (re-exposure vs. test) interaction (TM,
drug, F[1,22] = 2.001, p > 0.05; time, F[1,22] = 9.548, p < 0.05;
interaction, F[1,22] = 5.052, p < 0.05; DNJ, drug, F[1,16] = 2.426,
p > 0.05; time, F[1,16] = 4.370, p > 0.05; interaction, F[1,16]
= 5.864, p < 0.05; SW, drug, F[1,21] = 1.665, p > 0.05; time, F
[1,21] = 21.294, p < 0.05; interaction, F[1,21] = 13.125, p < 0.05;
Fig. 3A–C). Post hoc Newman-Keuls analysis revealed that TM,
DNJ, or SW-treated mice froze significantly less than VEH-treated
mice during the test (p < 0.05; Fig. 3A–C). These results indicated
that inhibition of N-glycosylation including formation and process-
ing of N-linked oligosaccharides in the ER and Golgi in the hip-
pocampus disrupted PR-LTM.
We next examined the effects of an infusion of the drugs on
post-reactivation STM (PR-STM). We performed similar experi-
ments as in Fig. 3, except the mice were tested at 2 h after re-
exposure. Two-way ANOVA revealed no significant effect of drug
and time or a drug  time interaction (TM, drug, F[1,12] = 0.331,
p > 0.05; time, F[1,12] = 0.091, p > 0.05; interaction, F[1,12]
= 1.394, p > 0.05; DNJ, drug, F[1,12] = 0.087, p > 0.05; time,
F[1,12] = 2.520, p > 0.05; interaction, F[1,12] = 0.024, p > 0.05;
SW, drug, F[1,18] = 0.596, p > 0.05; time, F[1,18] = 1.036, p > 0.05;
interaction, F[1,18] = 0.047, p > 0.05; Fig. 4A–C). This observation
indicated that inhibiting N-glycosylation in the hippocampus did
not affect PR-STM.
As a control experiment, we asked whether the disruption of
contextual fear memory by N-linked glycosylation inhibitors
depends on memory retrieval. We performed similar experiments
as in Fig. 3 except the mice were not re-exposed to the context.
One-way ANOVA revealed no significant effect of drug (TM,
F[1,15] = 0.521, p > 0.05; DNJ, F[1,11] = 0.107, p > 0.05; SW,
F[1,16] = 0.006, p > 0.05; Fig. 5A–C). This result indicated that
inhibiting N-glycosylation failed to disrupt contextual fear mem-
ory when the memory was not retrieved. Collectively, our observa-
tions suggest that N-glycosylation in the hippocampus is required
for the reconsolidation of contextual fear memory.
Additionally, it is important to note that a microinfusion of the
N-glycosylation inhibitor TM into the dorsal hippocampus did not
affect locomotor activity and anxiety-like behavior. The mice
received a microinfusion of TM (0.5 lg/side) or VEH into the dorsal
hippocampus at 30 min before the open field test. One-way ANOVA
revealed no significant effect of drug on total path or percentage of
time spent in the center of the field (total distance, F[1,17] = 0.014,
p > 0.05; % center, F[1,17] = 0.010, p > 0.05; Supplementary Fig. 3).
These results suggested that the impairment of memory consolida-
tion and reconsolidation observed by inhibition of N-glycosylation
is not due to nonspecific effects of TM on locomotor activity and/or
emotional behavior.
3.3. N-glycosylation is required for c-fos induction following training
for contextual fear
Consolidation of contextual fear memory is dependent on the
activation of gene expression in the hippocampus (Athos et al.,
2002; Hall, Thomas, & Everitt, 2000; Lee et al., 2004; Trifilieff
et al., 2006); it is possible that N-glycosylation contributes to this
activation. To assess this possibility, we examined the effects of
inhibiting N-glycosylation on the expression of c-fos, whose
expression is dependent upon neuronal activity (Frankland,
Bontempi, Talton, Kaczmarek, & Silva, 2004; Inaba et al., 2015;
Sheng, McFadden, & Greenberg, 1990; Strekalova et al., 2003).
We measured the number of c-fos-positive cells in the hippocam-
pal CA1 region at 90 min after training for contextual fear using
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(Shock groups), and the remaining two groups did not receive a
footshock (No-Shock groups). These groups received a microinfu-
sion of SW (0.5 lg/side) or VEH into the dorsal hippocampus at
30 min before training (Shock/SW, Shock/VEH, No-Shock/SW, and
No-Shock/VEH groups) (Fig. 6A). Two-way ANOVA revealed signif-
icant effects of conditioning and drug (conditioning, F[1,27]
= 8.306, p < 0.05; drug, F[1,27] = 12.511, p < 0.05; interaction,
F[1,27] = 1.289, p > 0.05; Fig. 6B and C). The Shock/VEH group
showed significantly more c-fos-positive cells than the other
groups, including the Shock/SW group (p < 0.05; Fig. 6B and C).
Importantly, the Shock/SW group showed no significant difference
compared with the No-Shock groups (p > 0.05; Fig. 6B and C).
These results indicated that inhibiting N-glycosylation by SW
blocked the induction of c-fos in the hippocampus following train-
ing. These observations suggested that N-glycosylation contributes
to the activation of gene expression that is required for the consol-
idation of contextual fear memory.
4. Discussion
In the present study, we examined the roles of de novo
N-glycosylation in the hippocampus in the consolidation and
reconsolidation of contextual fear memory. Inhibiting hippocam-
pal N-glycosylation by a local infusion of an inhibitor of N-linked
oligosaccharide formation (TM) or processing (DNJ or SW) blocked
LTM formation without affecting STM. Moreover, similar inhibition
of N-glycosylation immediately after memory retrieval disrupted
PR-LTM without affecting PR-STM. Therefore, these observations
showed that de novo N-glycosylation in the hippocampus is
required for the consolidation and reconsolidation of contextual
fear memory.
The hippocampus is known to play an essential role in the con-
solidation and reconsolidation of contextual fear memory
(Alberini, 2005; Anagnostaras et al., 2001; Debiec et al., 2002;
Inaba et al., 2015; Kim et al., 1993; Lee et al., 2004; Mamiya
et al., 2009; Phillips & LeDoux, 1992; Suzuki et al., 2008; Tronson
& Taylor, 2007). We found that inhibiting hippocampal
N-glycosylation blocked the consolidation and reconsolidation of
contextual fear memory, suggesting that the induction of de novo
N-glycosylation in the hippocampus in response to learning or
retrieval plays a critical role in hippocampus-dependent memory
consolidation and reconsolidation. Importantly, a previous study
showed that de novo N-glycosylation is required for the mainte-
nance of LTP in hippocampal CA1 neurons (Matthies et al., 1999).Fig. 6. N-glycosylation inhibition blocks c-fos induction in the hippocampus following t
Representative immunohistochemical staining of c-fos-positive cells in the hippocampal
CA1 region (n = 6–10 for each group). The expression of c-fos in each group is e
immunohistochemistry. *p < 0.05, compared with the other groups. Error bars indicate SCollectively, these observations suggest that hippocampal N-
glycosylation is required for LTM as well as long-term plasticity.
N-glycosylation is required for the functional expression of
membrane and secretory proteins. In neurons, N-glycosylation is
known to regulate the surface expression efficiency and ligand
binding affinity of NMDA and AMPA receptors, the adhesion ability
of NCAM and N-cadherin, and the stability of brain-derived neu-
rotrophic factor and Wnt (Guo et al., 2009; Mowla et al., 2001;
Roth, 2002; Standley & Baudry, 2000; Takada et al., 2006;
Takeuchi, Morise, Morita, Takematsu, & Oka, 2015). Importantly,
these membrane and secretory proteins are required for memory
consolidation and/or reconsolidation (Ben Mamou, Gamache, &
Nader, 2006; Fortress, Schram, Tuscher, & Frick, 2013; Hall et al.,
2000; Lee et al., 2004; Migues, Hardt, Finnie, Wang, & Nader,
2014; Rao-Ruiz et al., 2011; Schrick et al., 2007; Seymour, Foley,
Murphy, & Regan, 2008; Shimizu, Tang, Rampon, & Tsien, 2000;
Welzl & Stork, 2003). Therefore, it is possible that N-
glycosylation of these proteins is required for the consolidation
and reconsolidation of contextual fear memory.
The activation of gene expression is necessary for the consolida-
tion and reconsolidation of contextual fear memory (Athos et al.,
2002; Hall et al., 2000; Lee et al., 2004; Mamiya et al., 2009;
Nader et al., 2000; Suzuki et al., 2004; Trifilieff et al., 2006). Inter-
estingly, we showed that inhibiting N-glycosylation not only dis-
rupted the consolidation of contextual fear memory but also
blocked the induction of c-fos expression observed following train-
ing. N-glycosylation occurs in the ER and Golgi of dendrites as well
as cell bodies of hippocampal neurons (Torre & Steward, 1996).
Therefore, it is possible that blocking the N-glycosylation of mem-
brane receptors and/or neurotrophic factors at dendrites inhibits
the activation of gene expression including the induction of c-fos
expression required for memory consolidation, as the c-fos induc-
tion in hippocampal neurons is dependent on the activation of
NMDA receptors (Cole, Saffen, Baraban, & Worley, 1989; Lerea,
Butler, & McNamara, 1992; Xia, Dudek, Miranti, & Greenberg,
1996). On the other hand, there is another possibility that N-
glycosylation of transcription factors such as cAMP responsive
element-binding protein (CREB) required for the c-fos induction
is involved in the regulation of gene expression following contex-
tual fear conditioning (see Rexach et al., 2012). N-glycosylation
of sterol regulatory element-binding protein (SREBP) cleavage-
activating protein (SCAP) facilitates the proteolytic activation of
SREBP-1, a ER bound transcription factor, leading to the activation
of SREBP-mediated transcription (Cheng et al., 2015). Additionally,
N-glycosylation of other membrane-bound transcription factorsraining for contextual fear. (A) Experimental design for immunohistochemistry. (B)
CA1 region from the indicated mice. Scale bar, 50 lm. (C) Expression of c-fos in the
xpressed as the ratio of the No-Shock/VEH group to the other groups. IHC:
EM.
64 H. Inaba et al. / Neurobiology of Learning and Memory 135 (2016) 57–65such as activating transcription factor 6 (ATF6) and CREB-H have
impacts on transcriptional activation of their target genes (Chan,
Mak, Chin, Ng, & Jin, 2010; Hong et al., 2004). Importantly, ATF6
contributes to the c-fos induction by interacting with serum
response factor, a transcription factor that binds to the serum
response element of the c-fos promotor (Zhu, Johansen, &
Prywes, 1997). It is important to identify critical target proteins
that are N-glycosylated following learning and are required for
the consolidation and reconsolidation of contextual fear memory.
Interestingly, previous studies have shown that human natural
killer-1 (HNK-1) carbohydrate and polysialic acid (PSA), which are
known to be covalently attached to N-linked oligosaccharides of
AMPA receptors and NCAM, respectively, in the Golgi apparatus
at the final step of N-glycosylation, are required for the mainte-
nance of LTP in the hippocampal CA1 region and hippocampus-
dependent memory (Becker et al., 1996; Morita et al., 2009;
Senkov et al., 2006; Strekalova, Wotjak, & Schachner, 2001;
Venero et al., 2006; Yamamoto et al., 2002). Therefore, it is possible
that blocking N-glycosylation inhibits the addition of HNK-1 carbo-
hydrate and PSA to those target proteins, thereby leading to
impairments in memory consolidation and reconsolidation.
In the current study, we showed that de novo N-glycosylation in
the hippocampus is necessary for both the consolidation and
reconsolidation of contextual fear memory. Our study suggests
that N-glycosylation has a crucial role in memory regulation.
Acknowledgements
SK was supported by Grant-in-Aids for Scientific Research (A)
(15H02488), Scientific Research (B) (23300120 and 20380078),
and Challenging Exploratory Research (24650172), Grant-in-Aids
for Scientific Research on Priority Areas -Molecular Brain Science-
(18022038 and 22022039), Grant-in-Aid for Scientific Research
on Innovative Areas (Research in a proposed research area)
(24116008, 24116001, and 23115716), Core Research for Evolu-
tional Science and Technology (CREST), Japan, The Sumitomo Foun-
dation, Japan, and The Takeda Science Foundation, Japan.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.nlm.2016.06.018.
References
Abel, T., & Lattal, K. M. (2001). Molecular mechanisms of memory acquisition,
consolidation and retrieval. Current Opinion in Neurobiology, 11(2), 180–187.
http://dx.doi.org/10.1016/S0959-4388(00)00194-X.
Albach, C., Damoc, E., Denzinger, T., Schachner, M., Przybylski, M., & Schmitz, B.
(2004). Identification of N-glycosylation sites of the murine neural cell adhesion
molecule NCAM by MALDI-TOF and MALDI-FTICR mass spectrometry. Analytical
and Bioanalytical Chemistry, 378(4), 1129–1135. http://dx.doi.org/10.1007/
s00216-003-2383-2.
Alberini, C. M. (2005). Mechanisms of memory stabilization: Are consolidation and
reconsolidation similar or distinct processes? Trends in Neurosciences, 28(1),
51–56. http://dx.doi.org/10.1016/j.tins.2004.11.001.
Alisson-Silva, F., De Carvalho Rodrigues, D., Vairo, L., Asensi, K. D., Vasconcelos-Dos-
Santos, A., Mantuano, N. R., ... Todeschini, A. R. (2014). Evidences for the
involvement of cell surface glycans in stem cell pluripotency and
differentiation. Glycobiology, 24(5), 458–468. http://dx.doi.org/10.1093/glycob/
cwu012.
Anagnostaras, S. G., Gale, G. D., & Fanselow, M. S. (2001). Hippocampus and
contextual fear conditioning: Recent controversies and advances. Hippocampus,
11(1), 8–17. http://dx.doi.org/10.1002/1098-1063(2001)11:1<8::AID-
HIPO1015>3.0.CO;2-7.
Anagnostaras, S. G., Josselyn, S. A., Frankland, P. W., & Silva, A. J. (2000). Computer-
assisted behavioral assessment of Pavlovian fear conditioning in mice. Learning
& Memory, 7(1), 58–72. http://dx.doi.org/10.1101/lm.7.1.58.
Apweiler, R., Hermjakob, H., & Sharon, N. (1999). On the frequency of protein
glycosylation, as deduced from analysis of the SWISS-PROT database. Biochimica
et Biophysica Acta, 1473(1), 4–8. http://dx.doi.org/10.1016/S0304-4165(99)
00165-8.Athos, J., Impey, S., Pineda, V. V., Chen, X., & Storm, D. R. (2002). Hippocampal CRE-
mediated gene expression is required for contextual memory formation. Nature
Neuroscience, 5(11), 1119–1120. http://dx.doi.org/10.1038/nn951.
Becker, C. G., Artola, A., Gerardy-Schahn, R., Becker, T., Welzl, H., & Schachner, M.
(1996). The polysialic acid modification of the neural cell adhesion molecule is
involved in spatial learning and hippocampal long-term potentiation. Journal of
Neuroscience Research, 45(2), 143–152. http://dx.doi.org/10.1002/(SICI)1097-
4547(19960715)45:2<143::AID-JNR6>3.0.CO;2-A.
Ben Mamou, C., Gamache, K., & Nader, K. (2006). NMDA receptors are critical for
unleashing consolidated auditory fear memories. Nature Neuroscience, 9(10),
1237–1239. http://dx.doi.org/10.1038/nn1778.
Bozon, B., Davis, S., & Laroche, S. (2003). A requirement for the immediate early gene
zif268 in reconsolidation of recognition memory after retrieval. Neuron, 40(4),
695–701. http://dx.doi.org/10.1016/S0896-6273(03)00674-3.
Chan, C. P., Mak, T. Y., Chin, K. T., Ng, I. O. L., & Jin, D. Y. (2010). N-linked
glycosylation is required for optimal proteolytic activation of membrane-bound
transcription factor CREB-H. Journal of Cell Science, 123(9), 1438–1448. http://
dx.doi.org/10.1242/jcs.067819.
Cheng, C., Ru, P., Geng, F., Liu, J., Yoo, J. Y., Wu, X., ... Guo, D. (2015). Glucose-
mediated N-glycosylation of SCAP is essential for SREBP-1 activation and tumor
growth. Cancer Cell, 28(5), 569–581. http://dx.doi.org/10.1016/j.
ccell.2015.09.021.
Cole, A. J., Saffen, D. W., Baraban, J. M., & Worley, P. F. (1989). Rapid increase of an
immediate early gene messenger RNA in hippocampal neurons by synaptic
NMDA receptor activation. Nature, 340(6233), 474–476. http://dx.doi.org/
10.1038/340474a0.
Davis, H. P., & Squire, L. R. (1984). Protein synthesis and memory: A review.
Psychological Bulletin, 96(3), 518–559. http://dx.doi.org/10.1037/0033-
2909.96.3.518.
Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in
the hippocampus. Neuron, 36(3), 527–538. http://dx.doi.org/10.1016/S0896-
6273(02)01001-2.
Dingledine, R., Borges, K., Bowie, D., & Traynelis, S. F. (1999). The glutamate receptor
ion channels. Pharmacological Reviews, 51(1), 7–61.
Flexner, L. B., Flexner, J. B., & Stellar, E. (1965). Memory and cerebral protein
synthesis in mice as affected by graded amounts of puromycin. Experimental
Neurology, 13(3), 264–272. http://dx.doi.org/10.1016/0014-4886(65)90114-7.
Fortress, A. M., Schram, S. L., Tuscher, J. J., & Frick, K. M. (2013). Canonical Wnt
signaling is necessary for object recognition memory consolidation. Journal of
Neuroscience, 33(31), 12619–12626. http://dx.doi.org/10.1523/
JNEUROSCI.0659-13.2013.
Frankland, P. W., Bontempi, B., Talton, L. E., Kaczmarek, L., & Silva, A. J. (2004). The
involvement of the anterior cingulate cortex in remote contextual fear memory.
Science, 304(5672), 881–883. http://dx.doi.org/10.1126/science.1094804.
Frankland, P. W., Ding, H. K., Takahashi, E., Suzuki, A., Kida, S., & Silva, A. J. (2006).
Stability of recent and remote contextual fear memory. Learning & Memory, 13
(4), 451–457. http://dx.doi.org/10.1101/lm.183406.
Fukushima, H., Zhang, Y., Archbold, G., Ishikawa, R., Nader, K., & Kida, S. (2014).
Enhancement of fear memory by retrieval through reconsolidation. eLife, 3(3),
e02736. http://dx.doi.org/10.7554/eLife.02736.
Guo, H. B., Johnson, H., Randolph, M., & Pierce, M. (2009). Regulation of homotypic
cell-cell adhesion by branched N-glycosylation of N-cadherin extracellular EC2
and EC3 domains. Journal of Biological Chemistry, 284(50), 34986–34997. http://
dx.doi.org/10.1074/jbc.M109.060806.
Hall, J., Thomas, K. L., & Everitt, B. J. (2000). Rapid and selective induction of BDNF
expression in the hippocampus during contextual learning. Nature Neuroscience,
3(6), 533–535. http://dx.doi.org/10.1038/75698.
Hasegawa, S., Furuichi, T., Yoshida, T., Endoh, K., Kato, K., Sado, M., ... Kida, S. (2009).
Transgenic up-regulation of alpha-CaMKII in forebrain leads to increased
anxiety-like behaviors and aggression. Molecular Brain, 2, 6. http://dx.doi.org/
10.1186/1756-6606-2-6.
Heacock, A. M. (1982). Glycoprotein requirement for neurite outgrowth in goldfish
retina explants: Effects of tunicamycin. Brain Research, 241(2), 307–315. http://
dx.doi.org/10.1016/0006-8993(82)91068-X.
Hong, M., Luo, S., Baumeister, P., Huang, J. M., Gogia, R. K., Li, M., & Lee, A. S. (2004).
Underglycosylation of ATF6 as a novel sensing mechanism for activation of the
unfolded protein response. Journal of Biological Chemistry, 279(12),
11354–11363. http://dx.doi.org/10.1074/jbc.M309804200.
Inaba, H., Tsukagoshi, A., & Kida, S. (2015). PARP-1 activity is required for the
reconsolidation and extinction of contextual fear memory. Molecular Brain, 8,
63. http://dx.doi.org/10.1186/s13041-015-0153-7.
Kelly, A., Laroche, S., & Davis, S. (2003). Activation of mitogen-activated protein
kinase/extracellular signal-regulated kinase in hippocampal circuitry is
required for consolidation and reconsolidation of recognition memory. Journal
of Neuroscience, 23(12), 5354–5360.
Kida, S., Josselyn, S. A., Peña de Ortiz, S., Kogan, J. H., Chevere, I., Masushige, S., &
Silva, A. J. (2002). CREB required for the stability of new and reactivated fear
memories. Nature Neuroscience, 5(4), 348–355. http://dx.doi.org/10.1038/
nn819.
Kim, J. J., Rison, R. A., & Fanselow, M. S. (1993). Effects of amygdala, hippocampus,
and periaqueductal gray lesions on short- and long-term contextual fear.
Behavioral Neuroscience, 107(6), 1093–1098. http://dx.doi.org/10.1037/0735-
7044.107.6.1093.
Kornfeld, R., & Kornfeld, S. (1985). Assembly of asparagine-linked oligosaccharides.
Annual Review of Biochemistry, 54(1), 631–664. http://dx.doi.org/10.1146/
annurev.bi.54.070185.003215.
H. Inaba et al. / Neurobiology of Learning and Memory 135 (2016) 57–65 65Lee, J. L. C., Everitt, B. J., & Thomas, K. L. (2004). Independent cellular processes for
hippocampal memory consolidation and reconsolidation. Science, 304(5672),
839–843. http://dx.doi.org/10.1126/science.1095760.
Lerea, L. S., Butler, L. S., & McNamara, J. O. (1992). NMDA and non-NMDA receptor-
mediated increase of c-fos mRNA in dentate gyrus neurons involves calcium
influx via different routes. Journal of Neuroscience, 12(8), 2973–2981.
Mamiya, N., Fukushima, H., Suzuki, A., Matsuyama, Z., Homma, S., Frankland, P. W.,
& Kida, S. (2009). Brain region-specific gene expression activation required for
reconsolidation and extinction of contextual fear memory. Journal of
Neuroscience, 29(2), 402–413. http://dx.doi.org/10.1523/JNEUROSCI.4639-
08.2009.
Marquardt, T., & Denecke, J. (2003). Congenital disorders of glycosylation: Review of
their molecular bases, clinical presentations and specific therapies. European
Journal of Pediatrics, 162, 359–379. http://dx.doi.org/10.1007/s00431-002-1136-
0.
Matthies, H., Kretlow, J., Matthies, H., Smalla, K. H., Staak, S., & Krug, M. (1999).
Glycosylation of proteins during a critical time window is necessary for the
maintenance of long-term potentiation in the hippocampal CA1 region.
Neuroscience, 91(1), 175–183. http://dx.doi.org/10.1016/S0306-4522(98)
00628-9.
McGaugh, J. L. (2000). Memory – A century of consolidation. Science, 287(5451),
248–251. http://dx.doi.org/10.1126/science.287.5451.248.
Migues, P. V., Hardt, O., Finnie, P., Wang, Y. W., & Nader, K. (2014). The maintenance
of long-term memory in the hippocampus depends on the interaction between
N-ethylmaleimide-sensitive factor and GluA2. Hippocampus, 24(9), 1112–1119.
http://dx.doi.org/10.1002/hipo.22295.
Morita, I., Kakuda, S., Takeuchi, Y., Itoh, S., Kawasaki, N., Kizuka, Y., ... Oka, S. (2009).
HNK-1 glyco-epitope regulates the stability of the glutamate receptor subunit
GluR2 on the neuronal cell surface. Journal of Biological Chemistry, 284(44),
30209–30217. http://dx.doi.org/10.1074/jbc.M109.024208.
Mowla, S. J., Farhadi, H. F., Pareek, S., Atwal, J. K., Morris, S. J., Seidah, N. G., &
Murphyl, R. A. (2001). Biosynthesis and post-translational processing of the
precursor to brain-derived neurotrophic factor. Journal of Biological Chemistry,
276(16), 12660–12666. http://dx.doi.org/10.1074/jbc.M008104200.
Nader, K., Schafe, G. E., & Le Doux, J. E. (2000). Fear memories require protein
synthesis in the amygdala for reconsolidation after retrieval. Nature, 406(6797),
722–726. http://dx.doi.org/10.1038/35021052.
Paxinos, G., & Franklin, K. B. J. (1997). The mouse brain in stereotaxic coordinates. San
Diego: Academic Press.
Phillips, R. G., & LeDoux, J. E. (1992). Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behavioral Neuroscience,
106(2), 274–285. http://dx.doi.org/10.1037/0735-7044.106.2.274.
Rao-Ruiz, P., Rotaru, D. C., van der Loo, R. J., Mansvelder, H. D., Stiedl, O., Smit, A. B.,
& Spijker, S. (2011). Retrieval-specific endocytosis of GluA2-AMPARs underlies
adaptive reconsolidation of contextual fear. Nature Neuroscience, 14(10),
1302–1308. http://dx.doi.org/10.1038/nn.2907.
Rexach, J. E., Clark, P. M., Mason, D. E., Neve, R. L., Peters, E. C., & Hsieh-Wilson, L. C.
(2012). Dynamic O-GlcNAc modification regulates CREB-mediated gene
expression and memory formation. Nature Chemical Biology, 8(3), 253–261.
http://dx.doi.org/10.1038/nchembio.770.
Roth, J. (2002). Protein N-glycosylation along the secretory pathway: Relationship
to organelle topography and function, protein quality control, and cell
interactions. Chemical Reviews, 102(2), 285–304. http://dx.doi.org/10.1021/
cr000423j.
Saunier, B., Kilker, R. D., Tkacz, J. S., Quaroni, A., & Herscovics, A. (1982). Inhibition of
N-linked complex oligosaccharide formation by 1-deoxynojirimycin, an
inhibitor of processing glucosidases. Journal of Biological Chemistry, 257(23),
14155–14161.
Schmidt, J. W., & Catterall, W. A. (1987). Palmitylation, sulfation, and glycosylation
of the alpha subunit of the sodium channel. Role of post-translational
modifications in channel assembly. Journal of Biological Chemistry, 262(28),
13713–13723.
Schrick, C., Fischer, A., Srivastava, D. P., Tronson, N. C., Penzes, P., & Radulovic, J.
(2007). N-cadherin regulates cytoskeletally associated IQGAP1/ERK signaling
and memory formation. Neuron, 55(5), 786–798. http://dx.doi.org/10.1016/j.
neuron.2007.07.034.
Senkov, O., Sun, M., Weinhold, B., Gerardy-Schahn, R., Schachner, M., & Dityatev, A.
(2006). Polysialylated neural cell adhesion molecule is involved in induction of
long-term potentiation and memory acquisition and consolidation in a fear-
conditioning paradigm. Journal of Neuroscience, 26(42), 10888–10898. http://dx.
doi.org/10.1523/JNEUROSCI.0878-06.2006.
Seymour, C. M., Foley, A. G., Murphy, K. J., & Regan, C. M. (2008). Intraventricular
infusions of anti-NCAM PSA impair the process of consolidation of both
avoidance conditioning and spatial learning paradigms in Wistar rats.
Neuroscience, 157(4), 813–820. http://dx.doi.org/10.1016/j.neuroscience.2008.
09.041.Sheng, M., McFadden, G., & Greenberg, M. E. (1990). Membrane depolarization and
calcium induce c-fos transcription via phosphorylation of transcription factor
CREB. Neuron, 4(4), 571–582. http://dx.doi.org/10.1016/0896-6273(90)90115-
V.
Shimizu, E., Tang, Y.-P., Rampon, C., & Tsien, J. Z. (2000). NMDA receptor: Dependent
synaptice reinforcement as a crucial process for memory consolidation. Science,
290(5494), 1170–1174. http://dx.doi.org/10.1126/science.290.5494.1170.
Silva, A. J., Kogan, J. H., Frankland, P. W., & Kida, S. (1998). CREB AND MEMORY.
Annual Review of Neuroscience, 21(1), 127–148. http://dx.doi.org/10.1146/
annurev.neuro.21.1.127.
Standley, S., & Baudry, M. (2000). The role of glycosylation in ionotropic glutamate
receptor ligand binding, function, and trafficking. Cellular and Molecular Life
Sciences, 57(11), 1508–1516. http://dx.doi.org/10.1007/PL00000635.
Strekalova, T.,Wotjak, C. T., & Schachner,M. (2001). Intrahippocampal administration
of an antibody against theHNK-1 carbohydrate impairsmemory consolidation in
an inhibitory learning task in mice. Molecular and Cellular Neurosciences, 17(6),
1102–1113. http://dx.doi.org/10.1006/mcne.2001.0991.
Strekalova, T., Zörner, B., Zacher, C., Sadovska, G., Herdegen, T., & Gass, P. (2003).
Memory retrieval after contextual fear conditioning induces c-Fos and JunB
expression in CA1 hippocampus. Genes, Brain, and Behavior, 2(1), 3–10. http://
dx.doi.org/10.1034/j.1601-183X.2003.00001.x.
Suzuki, A., Josselyn, S. A., Frankland, P. W., Masushige, S., Silva, A. J., & Kida, S.
(2004). Memory reconsolidation and extinction have distinct temporal and
biochemical signatures. Journal of Neuroscience, 24(20), 4787–4795. http://dx.
doi.org/10.1523/JNEUROSCI.5491-03.2004.
Suzuki, A., Mukawa, T., Tsukagoshi, A., Frankland, P. W., & Kida, S. (2008). Activation
of LVGCCs and CB1 receptors required for destabilization of reactivated
contextual fear memories. Learning & Memory, 15(6), 426–433. http://dx.doi.
org/10.1101/lm.888808.
Takada, R., Satomi, Y., Kurata, T., Ueno, N., Norioka, S., Kondoh, H., ... Takada, S.
(2006). Monounsaturated fatty acid modification of Wnt protein: Its role in Wnt
secretion. Developmental Cell, 11(6), 791–801. http://dx.doi.org/10.1016/j.
devcel.2006.10.003.
Takeuchi, Y., Morise, J., Morita, I., Takematsu, H., & Oka, S. (2015). Role of site-
specific N-glycans expressed on GluA2 in the regulation of cell surface
expression of AMPA-type glutamate receptors. PLoS ONE, 10(8), e0135644.
http://dx.doi.org/10.1371/journal.pone.0135644.
Torre, E. R., & Steward, O. (1996). Protein synthesis within dendrites: Glycosylation
of newly synthesized proteins in dendrites of hippocampal neurons in culture.
Journal of Neuroscience, 16(19), 5967–5978.
Trifilieff, P., Herry, C., Vanhoutte, P., Caboche, J., Desmedt, A., Riedel, G., ... Micheau, J.
(2006). Foreground contextual fear memory consolidation requires two
independent phases of hippocampal ERK/CREB activation. Learning & Memory,
13(3), 349–358. http://dx.doi.org/10.1101/lm.80206.
Tronson, N. C., & Taylor, J. R. (2007). Molecular mechanisms of memory
reconsolidation. Nature Reviews Neuroscience, 8(4), 262–275. http://dx.doi.org/
10.1038/nrn2090.
Tulsiani, D. R., Harris, T. M., & Touster, O. (1982). Swainsonine inhibits the
biosynthesis of complex glycoproteins by inhibition of Golgi mannosidase II.
Journal of Biological Chemistry, 257(14), 7936–7939.
Vasconcelos-dos-Santos, A., Oliveira, I. A., Lucena, M. C., Mantuano, N. R., Whelan, S.
A., Dias, W. B., & Todeschini, A. R. (2015). Biosynthetic machinery involved in
aberrant glycosylation: Promising targets for developing of drugs against
cancer. Frontiers in Oncology, 5, 138. http://dx.doi.org/10.3389/fonc.2015.00138.
Venero, C., Herrero, A. I., Touyarot, K., Cambon, K., López-Fernández,M. A., Berezin, V.,
... Sandi, C. (2006). Hippocampal up-regulation of NCAM expression and
polysialylation plays a key role on spatial memory. European Journal of
Neuroscience, 23(6), 1585–1595. http://dx.doi.org/10.1111/j.1460-9568.2006.
04663.x.
Welzl, H., & Stork, O. (2003). Cell adhesion molecules: Key players in memory
consolidation? Physiology, 18(4), 147–150. http://dx.doi.org/10.1152/
nips.01422.2002.
Xia, Z., Dudek, H., Miranti, C. K., & Greenberg, M. E. (1996). Calcium influx via the
NMDA receptor induces immediate early gene transcription by a MAP kinase/
ERK-dependent mechanism. Journal of Neuroscience, 16(17), 5425–5436.
Yamamoto, S., Oka, S., Inoue, M., Shimuta, M., Manabe, T., Takahashi, H., ... Kawasaki,
T. (2002). Mice deficient in nervous system-specific carbohydrate epitope HNK-
1 exhibit impaired synaptic plasticity and spatial learning. Journal of Biological
Chemistry, 277(30), 27227–27231. http://dx.doi.org/10.1074/jbc.C200296200.
Zhang, Y., Fukushima, H., & Kida, S. (2011). Induction and requirement of gene
expression in the anterior cingulate cortex and medial prefrontal cortex for the
consolidation of inhibitory avoidance memory. Molecular Brain, 4, 4. http://dx.
doi.org/10.1186/1756-6606-4-4.
Zhu, C., Johansen, F. E., & Prywes, R. (1997). Interaction of ATF6 and serum response
factor. Molecular and Cellular Biology, 17(9), 4957–4966. http://dx.doi.org/
10.1128/MCB.17.9.4957.
